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(57) Abstract 



A high voltage stationary electromagnetic device 
comprising a core (7-9) of magnetic material having a 
relative permeability greater than 1 and current-carrying 
winding means (1-3) for generating an H-field. The core 
(1-3) is constructed and arranged so that, in use of the 
core assembly, current carried by the winding means gives 
rise to a B-field in the core which substantially follows 
the H-field. 
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Magnetic Core Assemblies 

Technical Field 

This invention relates to a high voltage stationary 
electromagnetic device of the kind comprising a magnetic 
core of magnetic material having a relative permeability 
greater than 1 and current - carrying winding means for 
generating an H-field. In particular, but not exclusively, 
the invention relates to such high voltage stationary 
machines as power transformers with an output range from 
some 100 kVA up to more than 1000 MVA and voltages from 3 to 
4 kV, particularly from 10 kV, up to very high transmission 
voltages, e.g. 400 kV to 800 kV. The invention is also 
applicable to other non-rotating electrical machines or 
devices, such as reactors (sometimes referred to hereinafter 
as inductors) . The invention also relates to a magnetic 
core assembly. 

Background of the Invention 

Magnetic cores are constructed from ferromagnetic 
materials which should ideally have low reluctance for the 
magnetic flux, high saturation, low coercivity and low 
remagnetising losses. All current commercially used 
magnetic core materials are based on iron and its alloys 
with most power transformers having magnetic cores made of 
laminated iron sheet. Pure iron has a magnetic flux density 
saturation level of about 2.2 T and can be treated for a low 
coercivity force and low remagnetising losses. The 
remagnetising losses can be affected by grain orientation, 
impurities and internal stresses. 

Varying magnetic flux induces eddy currents within 
the core material itself. The losses from these eddy 
currents in laminated cores are directly proportional to the 
conductivity of the core material, the square of the 
material thickness, the flux density and frequency of 
operation. Burrs on the laminated core sheets produced as 
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a result of the manufacturing process also increase the 
losses. For low eddy current losses, the sheet thickness 
should be as small as possible. However, a problem is that 
for a given insulation layer the space factor decreases for 
5 thinner sheets. The trend in core design has been towards 
creating thinner laminated core sheets and, with better 
manufacturing techniques creating flatter and smoother 
surfaces with thinner insulation coatings, even thinner 
sheets can be used. The thickness of transformer core steel 
10 sheet is today typically 0.3 mm. 

A major breakthrough in core steel manufacture was 
the introduction of grain orientation. Core steel consists 
of grains with a cubic lattice structure, the preferred 
magnetic orientation being along the fourfold axes of the 
15 lattice. With a flux orientation along the sheet it is also 
of benefit to have the grains oriented along the sheet. The 
process that produces such an effect is called "grain 
orientation" . 

Laminated steel sheets may have an inner thin glass 
20 film coating applied during a cooling process. In addition 
to the inner glass film coating, the core sheets may have an 
outer phosphate coating as a protective and insulating 
layer. 

Much interest has been paid to sheets of amorphous 
25 alloys as possible core materials. The random arrangement 
of the atoms results in remagnetisation losses in the core 
disappearing and in very high resistivity of the core which 
reduces eddy current losses. The main disadvantage with 
amorphous alloys is that the magnetic flux density with 
3 0 saturation only goes up to about 1.4 to 1.6 T. 

Recently suggestions have been proposed for using 
soft magnetic composites, for example soft magnetic 
electrically insulated powder, as magnetic material for core 
sections in rotating electrical machines, transformers and 
35 inductors. The magnetic flux density at saturation lies 
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midway between that of oriented material and amorphous 
material, i.e. about 1.6 to 1.8 T. Such soft magnetic 
composite material and certain of its applications are 
described in a brochure from Hoganas, SMC Update, Vol. 1, 
5 April 1997, and in a report "Powdered soft magnetic 
materials for medium frequency applications" presented at a 
conference on "Soft Magnetic Materials" in San Francisco, 
February 1996. The applications discussed are mainly 
concerned with very small power ratings at a frequency of 
10 around several kHz. 

There are specific advantages and disadvantages in 
making magnetic cores for magnetic transformers from the 
three different core materials referred to above. 

The advantages of transformer cores made from 
15 oriented sheet are that they have relatively low hysteresis 
losses and relatively high magnetic saturation. However, 
the material is relatively expensive and material wastage 
during punching can be extensive. 

The advantages of transformer cores made from 
20 amorphous sheet are that they have insignificant hysteresis 
losses and the eddy current losses are small. However, the 
material has a low magnetic saturation and is expensive. 

An advantage of transformer cores made from soft 
magnetic composites is that the cores can be shaped, without 
25 wastage of material. However, such composites still have a 
limited magnetic saturation, have high hysteresis losses and 
entail high no-load currents. 

The above analysis has. concentrated mainly on the 
alternative materials used in magnetic cores of power 
3 0 transformers. Normally conventional power transformers 
still use magnetic cores of laminated sheet material made of 
these materials. The following part of the description 
relates to the design and construction of magnetic cores and 
windings of known power transformers. 
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Transformers can be classified as being either core 
type or shell type. In a core type transformer, the coils 
appear to surround the core whereas in a shell type 
transformer the core appears to surround the windings. A 
core type transformer is shown in Figure 1 and comprises a 
number of core limbs connected by upper and lower yokes 
which together form one or more core windows. The core 
limbs are typically cylindrical in shape around which the 
coils are arranged. For normal power type transformers, the 
coils are also cylindrical and are arranged concentrically. 
The coils are normally preformed and are slid down over the 
pre -made core limbs after which the yokes are connected to 
the core limbs. The coils with insulation, support parts, 
cooling channels and the like fill the core window (s) . 

In a shell type transformer according to Figure 2, 
each coil has a rectangular cross -section. Groups of coils 
are stacked together to form winding packets and the core is 
built up around these packets. 

A core configuration for a conventional three-phase 
power transformer is shown in Figure 3 . The windings for 
each of the phases are located on their own limbs which 
means that there are three limbs which are magnetically 
coupled together by upper and lower yokes. The sum of the 
magnetic fluxes in the three limbs is equal to zero when the 
magnetic flux in each leg is defined according to the 
directions shown in Figure 3. In the yokes, the limb flux 
divides and has its return path via the other two limbs. 
This means that a certain amount of magnetic flux from one 
of the outer limbs has to traverse to the opposite outer 
limb for certain parts of the cycle. Furthermore, the 
cross -sectional area of the yokes has to be at least the 
same as the cross -sectional area of the limbs. 

Low magnetisation current, efficient utilisation of 
core steel and low loss properties have been reflected in 
the shape of core sheets and the stacking procedure in 
today's power transformers. A more detailed illustration of 
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the present design of magnetic core for a power transformer 
is shown in Figures 4 and 5* The connection between limb 
and yoke is often arranged at a 45° mitred joint. As shown 
in Figure 4, the laminated sheets are layed in packets of 
5 two or four sheets with the joints displaced relative to 
adjacent packets. Such an overlapping joint arrangement 
provides the core with a rigid mechanical structure and 
reduces the fringe effect for the flux traversing the 
joints . 

10 In recent years, an alternative joint pattern, known 

as the "lap step", shown in Figure 5, has attained a certain 
acceptance. By making a step- wise shift of the joints, it 
is possible to reduce the magnetisation losses between the 
limb and yoke still further. 

15 Transformers have been used in the electrical 

distribution industry for more than a hundred years. One of 
the first patents in that area, German patent DE-40414, 
dated 1887, describes transformer and core constructions 
which, even if formed as a ring cored transf ormer , are more 

20 or less direct predecessors of today's core transformers and 
shell transformers. Figure 6 shows a core transformer 
comprising a laminated iron core about which is wound a 
toroidal coil or coils of copper wire. Figure 7 shows a 
shell transformer comprising coil or coils wound around the 

25 core which comprises a coil wound toroidally with iron wire. 

Following the introduction of the three-phase system, 
there have been a very large number of different designs of 
transformers and their associated core constructions . The 
presently dominant design of core transformer is still the 
3 0 generally known construction shown in Figure 4. 

An example of known transformer core technology is 
described in GB-A-854,728 and shown in Figures 8 and 9. The 
core construction described comprises three core limbs each 
carrying coils made from laminated sheets . The opposite 
3 5 ends of each core are bent through 90° (see Figure 9) in 
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order to form parts of the yokes of the transformers. The 
three core limbs are then placed so that they form a three- 
armed star as shown in Figure 8 with the arms equally 
angularly spaced apart. The sheets of the yoke are stacked 
5 together in the middle of the star. A variant of this 
design is shown in Figure 10 and is described in GB-685,416. 
Figure 11 shows another transformer design disclosed in GB- 
A-965,74l which has many similarities magnetically with 
today's designs discussed below. 

10 Another core construction is described in GB-A- 

8 05,721 and is shown in Figure 12. This core construction 
consists of a triangular prismatic arrangement . Each core 
limb is formed by the intersection of two core packet limbs 
which meet at a v- shaped angle. One disadvantage of this 

15 known construction is that the joints between core packet 
limbs and the yokes do not lie in a plane as they do in the 
construction shown in Figures 4 and 5 . 

In a transformer winding, it can broadly be said that 
from the point of view of an applied or induced voltage, a 

20 quasi -stationary voltage across the winding is distributed 
equally onto each turn of the winding, i.e. the turn voltage 
is equal for all the turns and the voltage increases 
linearly with the turns. From the point of view of impulse 
voltage and corresponding electric potentials, however, the 

25 situation is completely different. One end of a winding is 
usually connected to earth. This means that the electric 
potential of each turn increases non- linearly from 
practically zero in the turn which is nearest earth 
potential up to a potential in the turns which are at the 

3 0 other end of the winding and which correspond to a 
considerable part of the implied impulse voltage. This 
potential distribution determines the composition of the 
insulation system for the winding since it is necessary to 
have sufficient insulation both between adjacent turns of 

3 5 the winding and between each turn and earth potential. 
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The turns in an individual coil are normally brought 
together into a geometrically coherent unit, physically 
delimited from the other coils- The distance between any 
two coils is also determined by the dielectric stress which 
may be allowed to occur between the coils. This means that 
a certain given insulation distance is also required between 
the coils. Sufficient insulation distances; are also 
required to other electrically conducting parts within the 
electric field from the electric potential occurring locally 
in the coils. 

The general aim in the design of prior art 
transformers has been to have as large a quantity of 
conductor material as possible within the given area limited 
by the size of the transformer window. In addition to the 
conductor material, the transformer window must also 
accommodate cooling channels and the insulating material 
associated with the coils. In this way, windings with 
insulation and winding support parts represent large volumes 
which are subjected to high electrical field strengths 
arising in and around the active electro-magnetic parts of 
the transformer. 

With the general aim of having as much conductor 
material within each transformer window, and with the 
additional aim of keeping transformer production costs and 
transportation costs as low as possible, the accepted core 
design today is as shown in Figures 4 and 5 with 
rectangularly shaped windows having inner and outer 90° 
corners defined by the stacked laminations. The limbs of 
such a transformer core are, as a rule, designed to have an 
approximately circular cross -section which results in the 
magnetic flux in the limbs, apart from the corner regions 
where the limbs connect to the yoke, being relatively evenly 
distributed over their whole cross -section. 

From the point view of magnetic flux, a core 
construction according to Figures 4 and 5 is 
disadvantageous. With the 90° inner corners of the windows, 
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i.e. where the limbs connect to the yokes, the core material 
experiences a very high flux concentration or density of 
lines of force. Correspondingly, the 90° outer corners of 
the windows experience a very low flux density. This 
results in a high asymmetry in the magnetic flux in the 
transition between limbs and yokes. Such an asymmetric 
flux: 

leads to flux distortion which causes overtones 
producing additional losses; 

causes an undesirable temperature distribution in the 
core with elevated temperatures at the corners of the 
core ; 

causes asymmetrical mechanical stresses in the core, 

especially at its corners ; 

causes vibration and thus noise; 

causes unbalanced short circuit . forces; and 

causes a flux concentration in the inner corners of 

the windows which can give rise to magnetic 

saturation of the material. 

It is difficult to understand the loss mechanism 
present at the corners of transformer windows . Instead of 
trying to eliminate the corners, prior art designs have 
proposed, for example, intentionally increasing the distance 
between parts of the joints or increasing the overlap of the 
laminated sheet at the corners. 

Another disadvantage of prior art transformers is 
that, when operated, they give rise to a not- insignificant 
magnetic scatter field which can be a health risk to people 
in the immediate vicinity of the transformer. 

Since the following account of the invention is based 
primarily on electromagnetic field theory, in particular 
magnetic field strength, magnetic flux density and electric 
field strength, these concepts are described below. 

Magnetic field strength H (usually referred to as the 
"H-field") is measured in A/m and arises around a current- 
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conducting conductor. The H-field is proportional to the 
magnitude of the current and decreases with distance from 
the conductor. 

Magnetic flux density B (usually called the "B- 
5 field") is measured in T and arises as a consequence of the 
magnetic field strength. In vacuum or air, magnetic flux 
density is proportional to the magnetic field strength 
multiplied by a factor ji 0 (the permeability of . free space) . 
In a ferromagnetic medium, the magnetic flux density 
10 increases corresponding to the relative permeability \i . 

Electric field strength E (usually referred to as the 
"E-field") is measured in V/m and arises around a conductor 
which has an electric tension or voltage relative to another 
potential, for example earth potential. The electric field 
15 strength is proportional to the magnitude of the electric 
tension and decreases with distance from the conductor. 

Summary of the Invention 

An aim of the present invention is to provide a high 
voltage stationary electromagnetic device, such as a 
20 transformer or inductor, with an improved design of magnetic 
core. 

According to one aspect of the present invention 
there is provided a high voltage stationary electromagnetic 
device as claimed in the ensuing claim 1 . 

25 The H-field which surrounds current carrying air- 

cored windings of specific construction and relative 
arrangement can be calculated quite closely for every point 
around the winding (s) for both direction and magnitude. The 
present invention provides a core of magnetic material 

30 arranged in association with the winding (s) to produce a B- 
field which follows the path of the H-field of the 
corresponding arrangement of air- cored winding (s> . Thus the 
magnetic core can be designed so that there is practically 
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homogeneous flux in all parts of the core, e.g. in both core 
limbs and yokes, and in the transition between such 
different core parts. This means that the difference 
between maximum and minimum magnetic flux density in 
different parts of the core is small which in turn means 
that the magnetic materials of the core can be exploited in 
a much better way than has been possible previously since 
the majority of the disadvantages discussed above of known 
core designs can be eliminated. in order to achieve this 
with transformer cores, the core is conveniently designed so 
that no sharp or right-angled corners are allowed to exist 
in the magnetic flux carrying circuit which will give rise 
to compression of lines of force so producing the problems 
referred to above. This approach contrasts with known 
transformer magnetic, core designs having windows with sharp 
corners resulting in an inhomogeneous B-field distribution 
around the core with the disadvantages that accrue. These 
concentrations in the B-field occur when there are abrupt 
changes of orientation in the magnetic material at comers 
of the core. 

If the stationary electromagnetic device according to 
the invention comprises a power transformer, it has: 

- a B-field as high and evenly distributed as possible 
for a given magnetisable material. 

lower iron losses, 
a lower sound level. 

- a lower material wastage during core construction. 

- a total weight which is reduced compared with a 
conventional transformer. 

- a geometry which can be adapted to the actual 
application. Thus, by way of example, the design of 
a rail mounted locomotive transformer will be 
considerably different from a transmission/ 
distribution transformer. 

- a considerable reduction in the scattered magnetic 
field around and from the transformer compared with 
a conventionally designed transformer. 
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In practice, the shaping of the core to the ideal no- 
load, air-cored H-field of the windings arrangement, is 
achieved by incorporating curved core portions and 
eliminating sharp bends in the core design. 

5 Conveniently the magnetic core can be designed as a 

wire wound core which enables the core to be made as near as 
possible to the optimal design in which there are parallel 
H- and B- fields. A core wound from wire or cable, 
preferably of oriented material, can be shaped so that the 
10 magnetic lines of force in the core, that is the B-field, 
become parallel with the H-field produced under no-load by 
at least one current carrying air- cored primary coil. 

A wire wound core requires some form of magnetic flux 
transfer between the wires. For instance, the magnetic 

15 characteristics of a magnetic core can be improved if the 
bundle of wires from which the core is produced is baked or 
cast in an easily shaped magnetic material, for example soft 
magnetic powder material or a compactable magnetic material, 
such as a magnetic paste or slurry, comprising a viscous 

2 0 dispersion in a fluid of a magnetic powder coated with an 
insulating layer. The baking or casting results in the wire 
wound core having mechanical stability. It also produces a 
near perfect flux transfer between the wires. An 
alternative magnetic core design comprises a polymer matrix 

25 having a relative permeability greater than one. The 
polymer matrix can, for example, be an intrinsically 
magnetic polymer or a non-magnetic polymer with a magnetic 
filler. 

The wire wound core, suitably comprising a bundle of 
30 wires, may be made from wires having a hexagonal, 
rectangular or circular cross -section. 

Preferably each winding is wound from cable having 
inner electrically conducting means and surrounding outer 
solid electrically insulating means preferably comprising 
35 magnetically permeable plastics material within which the 
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electric field is confined in use of the magnetic core 
assembly. Preferably the electrically insulating means 
comprises an inner layer of semiconducting material in 
electrical contact with said electrically conducting means, 
an outer layer of semiconducting material at a controlled 
electrical potential along its length and an intermediate 
layer of electrically insulating material between the said 
inner and outer layers. 

In this specification the term "semiconducting 
material" means a material which has a considerably lower 
conductivity than an electric conductor but which does not 
have such a low conductivity that it is an electrical 
insulator. Suitably, but not exclusively, the semi- 
conducting material should have volume resistivity of from 
1 to 10 5 ohm- cm, preferably from 10 to 500 ohm- cm and most 
preferably from 10 to 100 ohm- cm, typically about 20 ohm- cm. 

The electrically insulating means is suitably of 
unitary form with the layers either in close mechanical 
contact or, more preferably, joined together, e.g. bonded by 
extrusion. The layers are preferably formed of plastics 
material having resilient or elastic properties at least at 
ambient operating temperatures. This allows the cable 
forming the winding to be flexed and shaped into the desired 
form of the winding. By using for the layers only materials 
which can be manufactured with few, if any, defects having 
similar thermal properties, thermal and electric loads 
within the insulation are reduced. In particular the 
insulating intermediate layer and the semiconducting inner 
and outer layers should have at least substantially the same 
coefficients of thermal expansion (a) so that defects caused 
by different thermal expansions when the layers are 
subjected to heating or cooling will not arise. Ideally the 
layers will be extruded together around the conducting 
means . 

Conveniently the electrically insulating intermediate 
layer comprises solid thermoplastics material, such as low 
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density polyethylene (LDPE) , high density polyethylene 
(HDPE) , polypropylene (PP) , polybutylene (PB) , 
polymethylpentene (PMP) , ethylene (ethyl) acrylate 
copolymer, cross -linked materials, such as cross -linked 
polyethylene (XIiPE) , or rubber insulation, such as ethylene 
propylene rubber (EPR) , ethylene -propylene -diene monomer 
(EPDM) or silicone rubber . The semiconducting inner and 
outer layers may comprise similar material to the 
intermediate layer but with conducting particles, such as 
particles of carbon black or metal, embedded therein. 
Generally it has been found that a particular insulating 
material, such as EPR, has similar mechanical properties 
when containing no, or some, carbon particles. 

The screens of semiconducting inner and outer layers 
form substantially equipotential surfaces on the inside and 
outside of the insulating intermediate layer so that the 
electric field is confined between the inner and outer 
layers in the intermediate layer. In the case of concentric 
semiconducting and insulating layers, the electric field is 
substantially radial and confined within the intermediate 
layer. In particular, the semiconducting inner layer is 
arranged to be in electrical contact with, and to be at the 
same potential as, the conducting means which it surrounds. 
The semiconducting outer layer is designed to act as a 
screen to prevent losses caused by induced voltages. 
Induced voltages in the outer layer could be reduced by 
increasing the resistance of the outer layer. The 
resistance can be increased by reducing the thickness of the 
outer layer but the thickness cannot be reduced below a 
certain minimum thickness. The resistance can also be 
increased by selecting a material for the layer having a 
higher resistivity. On the other hand, if the resistivity 
of the semiconducting outer layer is too great, the voltage 
potential midway between adjacent spaced apart points at a 
controlled, e.g. earth, potential will become sufficiently 
high as to risk the occurrence of corona discharge in the 
insulation with consequent erosion of the insulating and 
semiconducting layers. The semiconducting outer layer is 
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therefore a compromise between a conductor having low 
resistance and high induced voltage losses but which is 
easily connected to a controlled potential, typically earth 
or ground potential, and an insulator which has high 
resistance with low induced voltage losses but which needs 
to be connected to the controlled potential along its 
length. Thus the resistivity p s of the semiconducting outer 
layer should be within the range P min <p s <p nax/ where Pmin is 
determined by permissible power loss caused by eddy current 
losses and resistive losses caused by voltages induced by 
magnetic flux and p^ is determined by the requirement for 
no corona or glow discharge. The resistance per axial unit 
of length of the semiconducting layer is typically from 5 to 
50,000 ohm.nr 1 , preferably from 500 to 25,000 ohm.nr 1 , and 
most preferably from 2,500 to 5,000 ohm.m" 1 . 

By connecting the semiconducting outer layer to earth 
potential, or to some other controlled potential, at spaced 
apart intervals along its length, the need for an outer 
metal shield and protective sheath to surround the 
semiconducting outer layer is eliminated. The diameter of 
the cable is thus reduced allowing more turns to be provided 
for a given size of core winding. 

According to another aspect of the present invention 
there is provided a magnetic core assembly for a stationary 
electromagnetic device, comprising a core of magnetic 
material having a relative permeability greater than 1 and 
current -carrying winding means for generating an H-field, 
characterised in that the core is constructed and arranged 
so that, in use of the core assembly, current carried by the 
winding means gives rise to a B- field in the core which 
substantially follows the said H-field. 

Brief D escription of the Drawings 

Embodiments of the invention will now be described, 
by way of example only, with particular reference to the 
accompanying drawings, in which: 
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Figures 1 to 12 show schematically different 
embodiments of prior art magnetic core assemblies and 
transformers ; 

Figures 13 to 16 are schematic views of windings and 
core assemblies which illustrate the principle of the 
present invention; 

Figures 17a to 20a and 21 to 24 are schematic 
perspective view of different embodiments of magnetic 
core assemblies of high voltage stationary 
electromagnetic devices according to the invention; 

Figures 17b to 20b are plans of the magnetic core 
assemblies shown in Figures 17a to 20a, respectively; 

Figures 25 to 29 are schematic perspective views of 
corner pieces for use in modifying conventional 
magnetic core assemblies; and 

Figure 30 is a schematic perspective view of a 
modified limb/yoke of a magnetic core. 

Description of Embodiments 

Figures 13 to 16 illustrate the general principles of 
the present invention. In particular. Figure 13 shows the 
H- field that surrounds an air-cored circular cylindrical 
current -carrying winding. If two air- cored current - carrying 
windings a and b are placed close to each other a resulting 
H- field is obtained according to Figure 14. The H-field has 
field lines extending in a curved path between similar ends 
of the two windings. The introduction of magnetic material 
in the form of a magnetic circuit which passes through both 
of these windings will modify this H-field. The present 
invention, however, is based on the provision of a magnetic 
core having portions which follow as closely as possible the 
H-field present when the windings are not arranged around 
magnetic core material , i.e. as shown in Figure 14 . 
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Figure 15 shows how a magnetic core can be designed 
as a closed loop which passes through the coils or windings 
a and b. In this respect, the magnetic core can be 
considered to comprise two straight limbs connected at the 
top and bottom by curved yokes. The yokes are designed to 
follow the portions of the H- field distribution which would 
be present if the windings were air-cored, i.e. assuming the 
magnetic material is not present. The B- field in the 
magnetic core is essentially parallel with the H- field 
produced when the magnetic material is not present. The 
upper and lower yokes are of generally curved or arcuate 
shape and have a substantially constant cross -sectional 
area. It is considered that the magnetic material of the 
core is placed in such a way that the centre line of the 
yokes will follow the centre line of the H- field produced by 
the coreless windings or the H- field from the windings in a 
transformer at no load. 



Figure 16 shows a modified core assembly in which the 
magnetic core is generally toroidal in form and the windings 
have a curved form. Such a shape of core provides, to a 
large degree, a homogeneous flux distribution through the 
entire core. The design, moreover, provides an optimal use 
of magnetic material. 



It will be appreciated that in practice it is 
difficult to fulfil the optimum design requirements, i.e. 
for the core to be shaped to conduct the magnetic flux so 
that, in every part of the magnetic circuit, the B-field is 
parallel with the known H- fields produced by the current 
carrying coils or windings. The embodiments described below 
constitute some of the possible alternative solutions which 
aim to fulfil the optimal design concept . 

In the core assemblies described below, each winding 
is formed from inner electrically conducting means and 
surrounding outer solid electrically insulating means, 
preferably comprising magnetically permeable plastics 
material within which the electric field is confined in use 
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of the magnetic core assembly. The electrically insulating 
means conveniently comprises an inner layer of 
semiconducting material in electrical contact with the 
electrically conducting means, an outer layer of 
semiconducting material at a controlled electrical 
potential, e.g. earth potential, along its length and an 
intermediate layer of electrically insulating material 
between the inner and outer layers. These layers of the 
electrically insulating means are conveniently applied by 
extrusion. Typical examples of the insulating material are 
ethylene propylene rubber (EPR) and cross- linked 
polyethylene (XLPE) and the semiconducting layers may be of 
a similar material incorporating particles of electrically 
conductive material, e.g. carbon particles or metallic 
particles. In use the E-field is contained radially between 
the inner and outer layers of semiconducting material. 

Figures 17a and 17b, 18a and 18b, 19a and 19b, 20a 
and 20b, 21, 22, 23 and 24 represent preferred embodiments 
of magnetic core assemblies of a high voltage stationary 
electromagnetic device according to the invention in the 
form of a power transformer. In the following description, 
the same reference numerals have been used to identify the 
same or similar parts in the various different embodiments. 
All the magnetic core assemblies have winding portions, 
which are preferably generally straight, around which 
windings are arranged and at least two curved portions . 

The transformer shown in Figures 17a and 17b 
comprises three winding packets 1, 2 and 3, each of which 
comprises a concentric arrangement of a primary and a 
secondary winding. The winding packets have concentric 
tubular cylindrical inner openings 4 , 5 and 6 for receiving 
parts of a wire wound core. The winding packets are 
positioned against each other so that their cylindrical 
outer envelope surfaces are tangential to each other. This 
means that the direct lines of connection between the 
centres of the end surfaces at each end of the winding 
packets form an equilateral triangle. The magnetic core of 
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the transformer comprises three identically similar core 
sections 7, 8 and 9 comprising a bundle of oriented wires or 
cable. Each core section consists of two straight core 
limbs and connecting curved upper and lower yokes. The 
cross sectional area of each of the core sections is 
approximately half the cross sectional area of the tubular 
cylindrical opening of each winding packet. Core section 
limbs from two different core sections are situated in each 
of the tubular cylindrical openings. The design of 
transformer is similar in many respects to that shown in 
Figure 12 except that in the present design the transformer 
does not have large insulation distances between winding 
packets and the core has no right-angled or sharp corners. 

Figures 18a and 18b show a three-phase core 
transformer similar to the embodiment shown in Figures 17a 
and 17b but provided with modified core sections 10, 11 and 
12. The yokes of each core section, in addition to being 
curved in a plane containing the limbs of the core section, 
are also bent out of this plane towards each other. At each 
end of the core assembly there is thus a small opening 13 
between the yokes of the core sections 10 to 12. This 
design of core assembly takes account of the influence on 
the H- field on any one winding packet by the two other 
winding packets. 

Figures 19a and 19b show an embodiment of a three- 
phase shell transformer having three winding packets 1, 2 
and 3 and three identical core sections 14, is and 16. Each 
cylindrical inner opening 4-6 contains two straight core 
section limbs from different core sections 14 to 16. Curved 
core section yokes are bent and shaped so that they form a 
three armed star-shaped yoke 17 with a common middle core 
limb as seen in Figures 19b. This embodiment is similar to 
the transformer shown in Figure 8 except that in the present 
design of transformer there is no need for the large 
insulation distances between the winding packets and the 
magnetic core has no right-angled corners. 
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Figures 20a and 20b shown a variant of the three- 
phase transformer shown in Figures 17a and 17b where the 
winding packets 18, 19 and 20 are curved or shaped so as to 
be in the form of a section of a toroidal ring. Both ends 
5 of each pair of adjacent winding packets form tangents to 
each other in the same way as the end surfaces of the 
transformer shown in Figures 17a and 17b. Core sections 7, 
8 and 9 are similar in the two embodiments. It is of course 
possible for the shaped winding packets shown in Figures 20a 
10 and 20b to be provided with core sections similar to those 
shown in Figures 18a and 18b and, respectively, 19a and 19b. 
The upper and lower connecting yoke portions have a 
different curvature to the limb portions about which the 
windings are formed. 

15 Figures 21 to 24 show embodiments similar to those 

shown in Figures 17a and 17b, 18a and 18b, 19a and 19b and 
20a and 20b, respectively. The differences in the 
embodiments shown is that in Figures 21 to 24 the wire wound 
cores have been replaced by core sections made of soft 

20 magnetic powder composites. 

The various embodiments shown in Figures 17 to 24 
show with great clarity how core assemblies can be designed 
and optimised so that the core sections are designed so as 
not to have any sharp corners or bends and to be curved so 
25 as to follow the H-field that would be present at no load 
around the winding packets if no magnetic material were 
present, i.e. the winding packets were air- cored. Thus the 
B- field produced in use in the core sections substantially 
follows the H-field. 

3 0 The invention also finds application in high voltage 

stationary electromagnetic devices having magnetic cores 
made of laminated sheet material. Such cores often have 
windows with right-angled corners and the present invention 
covers the modification of such cores by providing flux- 

35 carrying corner pieces in the right-angled corners of the 
core. As previously mentioned, the provision of rounded 
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transitions in conventional laminated core designs is 
difficult from a practical point of view using conventional 
punching and assembly techniques . There is also wastage of 
core material if rounding of the corners or core windows is 
attempted. 

Figures 25 to 29 show various corner sections which 
can be made of compactable magnetic material , e.g. soft 
magnetic powder or a compactable magnetic slurry of a 
magnetic material. 

In Figures 25 to 29, the embodiment shown in Figure 
2 5 are intended to fit in the corners marked with circles of 
the windows shown in the core assembly of Figure 2 . The 
corner pieces shown in Figure 26 are intended to fit in the 
circled corners of the core shown in Figure 3 . The corner 
pieces shown in Figure 27 provide rounded corners for the 
section of the core marked with a circle in Figure 4 . the 
corner piece shown in Figure 28 provides a rounded corner 
for the core section marked with a circle in Figure .8. The 
corner member shown in Figure 2 9 provides a rounded corner 
for the section identified by a circle in Figure 29. 

The joint between a centre limb and yoke, i.e. the 
area inside the section marked with a square in Figure 3 , 
can be provided by a construction as shown in Figure 30. 
Thus Figure 30 shows a T-shaped joining piece for joining a 
limb and yoke pieces together. 

The invention has been described in particular with 
reference to transformers and in particular power 
transformers having cores with more than one winding. 
However, the invention also has application to other high 
voltage stationary electromagnetic devices such as reactors 
or inductors, e.g. provided with one winding. 

The electrical insulation used in the current - 
carrying winding means of a stationary electromagnetic 
device according to the invention is intended to be able to 
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handle very high voltages and the consequent electric and 
thermal loads which may arise at these voltages . By way of 
example, power transformers in accordance with the invention 
may have rated powers from a few hundred kVA up to more than 
1000 MVA and with rated voltages ranging from 3-4 kV, 
preferably from 10 kV, up to very high transmission voltages 
of 400-800 kV. At high operating voltages, partial 
discharges, or PD, constitute a serious problem for known 
insulation systems. If cavities or pores are present in the 
insulation, internal corona discharge may arise whereby the 
insulating material is gradually degraded eventually leading 
to breakdown of the insulation. The electric load on the 
electrical insulation of the winding means is reduced by 
ensuring that the inner layer of the insulation is at 
substantially the same electric potential as the inner 
conducting means and the outer layer of the insulation is at 
a controlled, e.g. earth, potential. Thus the electric 
field in the intermediate layer of insulating material 
between the inner and outer layers is distributed 
substantially uniformly over the thickness of the 
intermediate layer. Furthermore, by having materials with 
similar thermal properties and with few defects in the 
layers of the insulating material, .the possibility of PD is 
reduced at a given operating voltages. The winding means 
can thus be designed to withstand very high operating 
voltages, typically up to 800 kV or higher. 

Although it is preferred that the electrical 
insulation of each winding should be extruded in position, 
it is possible to build up an electrical insulation system 
from tightly wound, overlapping layers of film or sheet-like 
material. Both the semiconducting layers and the 

electrically insulating layer can be formed in this manner. 
An insulation system can be made of an all- synthetic film 
with inner and outer semiconducting layers or portions made 
of polymeric thin film of, for example, PP, PET, LDPE or 
HDPE with embedded conducting particles, such as carbon 
black or metallic particles and with an insulating layer or 
portion between the semiconducting layers or portions. 
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For the lapped concept a sufficiently thin film will 
have butt gaps smaller than the so-called Paschen minima, 
thus rendering liquid impregnation unnecessary. A dry, 
wound multilayer thin film insulation has also good thermal 
5 properties. 

Another example of an electrical insulation system is 
similar to a conventional cellulose based cable, where a 
thin cellulose based or synthetic paper or non-woven 
material is lap wound around a conductor. In this case the 
10 semiconducting layers, on either side of an insulating 
layer, can be made of cellulose paper or non-woven material 
made from fibres of insulating material and with conducting 
particles embedded. The insulating layer can be made from 
the same base material or another material can be used. 



15 Another example of an insulation system is obtained 

by combining film and fibrous insulating material, either as 
a laminate or as co- lapped. An example of this insulation 
system is the commercially available so-called paper 
polypropylene laminate, PPLP, but several other combinations 

20 of film and fibrous parts are possible . In these systems 
various impregnations such as mineral oil. 
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CLAIMS 

1. A high voltage stationary electromagnetic device 
comprising a core of magnetic material having a relative 
permeability greater than 1 and current - carrying winding 
means for generating an H- fie Id, characterised in that the 
core is constructed and arranged so that, in use of the core 
assembly, current carried by the winding means gives rise to 
a B- field in the core which substantially follows the said 
H-f ield. 

2. An electromagnetic device according to claim l, 
characterised in that the core is made up of a plurality of 
wires or cables . 

3. An electromagnetic device according to claim 2, 
characterised by that the wires or cables have an outer 
insulating layer. 

4 . An electromagnetic device according to claim 2 
or 3, characterised in that the wires or cables consists of 
oriented material. 

5 . An electromagnetic device according to claim 2 
or 3, characterised in that the wires or cables consists of 
an amorphous material . 

6 . A magnetic assembly according to any one of 
claims 2 to 5, characterised in that the wires or cables are 
of rectangular or circular cross -section. 

7 . An electromagnetic device according to any one 
of claims 2 to 6, characterised in that the wires or cables 
are provided with means for transf erring magnetic flux 
therebetween . 

8 . An electromagnetic device according to claim 7 f 
characterised in that the flux transfer means comprises a 
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composite of soft magnetic powdered material in which the 
wires or cables are at least partly embedded. 

9. An electromagnetic device according to claim 7, 
characterised in that the flux transfer means comprises a 

5 solidified slurry of soft magnetic material in which the 
wires or cables are at least partly embedded. 

10. An electromagnetic device according to claim l, 
characterised in that the magnetic core comprises a polymer 
matrix with a relative permeability greater than 1. 

!0 11. An electromagnetic device according to claim 1, 

characterised in that the core consists of limbs and yokes 
of laminated sheet material and that at least some of the 
j oints between limbs and yokes include rounded, flux 
carrying comer pieces. 

15 12. An electromagnetic device according to claim 11, 

characterised in that the or each flux carrying corner piece 
at least partly consists of compacted material in the form 
of a soft magnetic powder material. 

13. An electromagnetic device according to claim 11, 
2 0 characterised in that the or each flux carrying corner piece 

at least partly consists of a compacted material formed from 
a solidified soft magnetic slurry. 

14. An electromagnetic device according to claim 11, 
characterised in that the or each flux carrying corner piece 

25 at least partly consists of laminated sheet material. 

15. An electromagnetic device according to claim 1, 
characterised in that the core comprises limbs and yokes of 
laminated sheet material and soft magnetic powder material 
reinforced with magnetic wires or cables . 

30 16. An electromagnetic device according to claim 1, 

characterised in that the core comprises limbs and yokes of 



WO 99/2891 9 PCT/EP98/07743 

- 25 - 

laminated sheet material and compact material formed of a 
solidified magnetic slurry reinforced with magnetic wires or 
cables . 

17 . An electromagnetic device according to any one 
5 of the preceding claims, characterised in that said winding 
means comprises at least one winding wound from cable 
comprising inner electrically conducting means and/ 
surrounding the latter, outer solid electrically insulating 
means - 

10 18. An electromagnetic device according to claim 17, 

characterised in that said solid electrically insulating 
means comprises magnetically permeable plastics material 
within which the electric field, created by current passing 
along the cable, is confined in use of the magnetic core 

15 assembly. 

19. An electromagnetic device according to claim 17 
or 18, characterised in that the electrically insulating 
means is of substantially unitary construction comprising an 
inner layer of semiconducting material in electrical contact 

20 with said electrically conducting means, an outer layer of 
semiconducting material at a controlled electrical potential 
along its length and an intermediate layer of electrically 
insulating material between the said inner and outer layers. 

20. An electromagnetic device according to claim 19, 
25 characterised in that the semiconducting outer layer has a 

volume resistivity of from 1 to 10 s ohm* cm. 

21. An electromagnetic device according to claim 19, 
characterised in that the semiconducting outer layer has a 
volume resistivity of from 10 to 500 ohm* cm, preferably from 

30 10 to 100 ohm- cm. 



22. An electromagnetic device according to any one 
of claims 19 to 21, characterised in that the resistance per 
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axial- unit length of the semiconducting outer layer is from 
5 to 50,000 ohm-m' 1 . 

23 . An electromagnetic device according to any one 
of claims 19 to 21, characterised in that the resistance per 
axial unit of length of the semiconducting outer layer is 
from 500 to 25,000 ohm.nr 1 , preferably from 2,500 to 5,000 
ohm . m" 1 . 

24 . An electromagnetic device according to any one 
of claims 19 to 23 , characterised in that the said outer 
layer is contacted by conductor means at said controlled 
electrical potential at spaced apart regions along its 
length, adjacent contact regions being sufficiently close 
together that the voltages of mid-points between adjacent 
contact regions are insufficient for corona discharges to 
occur within the electrically insulating means. 

25 . An electromagnetic device according to any one 
of claims 19 to 23, characterised in that said controlled 
electrical potential is at or close to ground potential. 

26. An electromagnetic device according to any one 
of claims 19 to 25, characterised in that the said 
intermediate layer is in close mechanical contact with each 
of said inner and outer layers. 

27. An electromagnetic device according to any one 
of claims 19 to 25, characterised in that the said 
intermediate layer is joined to each of said inner and outer 
layers . 

28. An electromagnetic device according to claim 27, 
characterised in that the strength of the adhesion between 
the said intermediate layer and the semiconducting outer 
layer is of the same order of magnitude as the intrinsic 
strength of the material of the intermediate layer. 
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29. An electromagnetic device according to claim 27 
or 28, characterised in that the said layers are joined 
together by extrusion. 

30. An electromagnetic device according to claim 29, 
characterised in that the inner and outer layers of 
semiconducting material and the insulating intermediate 
layer are applied together over the conducting means through 
a multi layer extrusion die. 

31. An electromagnetic device according to any one 
of claims 19 to 30, characterised in that said inner layer 
comprises a first plastics material having first 
electrically conductive particles dispersed therein, said 
outer layer comprises a second plastics material having 
second electrically conductive particles dispersed therein, 
and said intermediate layer comprises a third plastics 
material . 

32. An electromagnetic device according to claim 31, 
characterised in that each of said first, second and third 
plastics materials comprises an ethylene butyl acrylate 
copolymer rubber, an ethylene -propylene -diene monomer rubber 
(EPDM) , an ethylene -propylene copolymer rubber (EPR) , LDPE, 
HDPE, PP, PB, PMP, XLPE, EPR or silicone rubber. 

33. An electromagnetic device according to claim 31 
or 32, characterised in that said first, second and third 
plastics materials have at least substantially the same 
coefficients of thermal expansion. 

34. An electromagnetic device according to claim 31, 
32 or 33, characterised in that said first, second and third 
plastics materials are the same material. 

35. A transformer having a magnetic core assembly as 
claimed in any one of the preceding claims. 
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36. A reactor having a magnetic core assembly as 
claimed in any one of claims 1 to 34, 

37. A method of modifying a magnetic core comprising 
limbs and yokes connected to define at least one angled 
joint, characterised in that the method comprises fitting at 
least one corner piece having a curved contour in the, or at 
least some of the, angled joint (s) . 

38. A magnetic core assembly for a stationary 
electromagnetic device, comprising a core of magnetic 
material having a relative permeability greater than 1 and 
current -carrying winding means for generating an H- field, 
characterised in that the core is constructed and arranged 
so that, in use of the core assembly, current carried by the 
winding means gives rise to a B- field in the core which 
substantially follows the said H-field. 
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